Summary:In leaves of some succulent crassulacean-acid-metabolism(CAM)plants,including Kalanchoe species ,we previously discovered the phenomenon of chloroplast clumping.A combination of light and water stress induced chloroplasts to form spherical bodies within mesophyll cells .In this study we focused on the positioning of nuclei and mitochondria with clumping of chloroplasts in mesophyll cells in leaves of the succulent CAM plant Kalanchoe blossfeldiana using fluorescence microscopy.Under both well-watered and water-stressed conditions ,there were several mitochondria around each chloroplast.When subjected to water-stress,chloroplasts gathered around a nucleus and formed a clumped chloroplasts.Three-dimensional analysis of the clump showed that the nucleus was localized within the clump.Our findings suggest that the chloroplast movement in succulent CAM plants is closely connected with the nucleus.We discuss the significance of the organelle interactions in the leaves of succulent CAM plant under drought conditions.
INTRODUCTION
Chloroplasts are the main organelles that perform photosynthesis and are characteristic of plant cells.The positioning of chloroplasts in plant cells changes in response to light direction and intensity (Haupt and Scheuerlein1990) .Under high light intensity, chloroplasts settle beside the cell wall,where exposure to light is minimal,and under low light intensity they settle in the area of the cell,where light exposure is maximal . Such chloroplast movements are thought to optimize photosynthetic activity in response to ambient light conditions (Brugnoli and Bjorkman1992,Terashima and Hikosaka1995) .Little is known,however,regarding the movement and positioning of other organelles in association with the chloroplast movement.For effective cell functioning,it is likely that the intracellular movement and positioning of organelles is co-ordinated. For example,photorespiration requires the co-operation of three organelles:chloroplasts,mitochondria,and peroxisomes (Tolbert 1997) .
In leaves of succulent crassulacean-acid-metabolism (CAM)plants,including Kalanchoe species,we found that clumping of chloroplasts is induced by a combination of light and water stress.In leaves of plants withheld watering for10d,the chloroplasts become densely clumped in the cytoplasm under light conditions and dispersed during darkness.The chloroplast clumping results in leaf optical changes,namely a decrease in absorbance and an increase in transmittance.The plant stress hormone abscisic acid induces chloroplast clumping in the leaf cells under light conditions.We have suggested that this phenomenon in succulent plants is a morphological mechanism that protects against light stress intensified by a severe water deficiency (Kondo et al.2004) .
The movement of other organelles,however,has not been investigated in detail.Using a conventional optical microscope it is difficult to observe non-coloured plastids,and a transmission electron microscope only allows the observation of one focal plane.By using fluorescence microscopy,it is possible to observe an objective organelle with a specific fluorescent probe and obtain three-dimensional intracellular images (Wako et al. 1998) .In this study,we investigated the positioning of cell nuclei and mitochondria with clumping of chloroplasts in leaves of a succulent CAM plant using fluorescence microscopy. 
MATERIALS AND METHODS

Plant
RESULTS
In the leaves of well-watered plants,chloroplasts and mitochondria were dispersed across a wide area in the mesophyll cells (Fig.1A) ,and some mitochondria were located adjacent to each chloroplast (Fig.1A,C) .In the leaves of water-stressed plants,chloroplasts became densely clumped in one area of the mesophyll cells under light (Fig.1B) .The intracellular locations of the clumps of chloroplasts varied.Although many mitochondria were observed in the clump of chloroplasts,they were also distributed in other areas of the mesophyll cells (Fig.  1B) .These observations indicate that the chloroplasts clump without retracting protoplast such as plasmolysis.
When the chloroplasts became densely clumped,the nucleus was usually found inside the clumped chloroplasts.Three-dimensional analysis of the clumps using confocal microscopy confirmed this (Fig.2) .
We also examined the diurnal changes in chloroplasts and nuclei arrangement in leaves of water-stressed plants (Fig.3) .During the first3h of light exposure in water-stressed plants,the chloroplasts were dispersed (Fig.3A,B) .After6h of light the chloroplasts were arranged close together (Fig.3C,D) ,and they began to clump around the nuclei after9h of light exposure (Fig.  3E,F) .At the beginning of darkness(following12h of light)the chloroplast clump including the nucleus had formed (Fig.3G,H ),but after12h of darkness the chloroplasts began to disperse again (Fig.3/,J) . DISCUSSION There were several mitochondria around each chloroplast under both well-watered and water-stressed conditions. The positioning of mitochondria adjacent to chloroplast, seems to be essential for chloroplast functioning. According to Raghavendra and Padmasree(2003) mitochondria and chloroplasts interact under conditions of both limiting and optimal CO_2concentration.Under limiting CO2conditions,which are particularly intensified under high light illumination or water stress conditions,the mitochondrial oxidation of glycine helps to dissipate excess redox equivalents from chloroplasts and generates significant amounts of glycerate for re-entry into the Calvin cycle (GardestrOm et al.2002) . The CO2produced during the mitochondrial reactions can be a significant,crucial source of CO2for chloroplasts.Mitochondrial respiration and CO2 recycling are important in CAM plants and C4plants (Laisk and Edwards 1997,Leegood and Walker1999) . At optimal CO2concentrations,mitochondria help to sustain the biosynthesis of sucrose.The enhanced ATP requirement is met from glycine decarboxylation,NADH oxidation,and other non-photorespiratory reactions in mitochondria(Kromer1995, Padmasree et al.2002) .In view of these points,the intracellular distribution between chloroplast and mitochondria should be tightly regulated.
Chloroplast movement in our CAM study plants appears to be closely connected with the nucleus.This chloroplasts gathering around a nucleus may be independent of the light direction known as the chloroplast photo-relocated movement (Haupt and Scheuerlein1990) .The expression of chloroplast-encoded components of photosynthesis depend on nuclear-derived factors (Pfannschmidt et al. 2001) .Several studies have been reported on signal transduction between chloroplasts and the nucleus (Surpin et al.2002) .The expression of some nuclear genes involved in the antioxidant defence system of plant cells is controlled by the redox state of chloroplasts (Karpinski et al.1997 (Karpinski et al. ,1999 .However,it is unclear how these redox signals are relayed to the nucleus (Surpin et al.2002) .Our previous study revealed that chloroplast clumping allows these organelles to avoid light under drought conditions (Kondo et al.2004 ).In the current study,however,it is not clear why chloroplasts collect around the nucleus under such conditions.It is likely that the clumping phenomenon is a co-operative interaction between the chloroplast and nucleus to optimize the cell functioning by shielding the nucleus from harmful components of excess light.
The clumping of chloroplasts was only found in the leaves of succulent CAM plants and not in leaves of herbaceous plants such as maize,rice,pea,and buckwheat (Kondo et al.2004 ).The key feature of the CAM system is an enlarged vacuole,which is essential for the accumulation of malic acid to supply CO2for photosynthesis within leaves (Osmond et al.1999 , Borland et al.2000 .In the mesophyll cells of CAM plants,a large vacuole occupies the centre of the cell and other organelles are pressed against the cell periphery ( Kondo et al.1998 .In addition,relative to C3and C4species,CAM plants also exhibit reduced intercellular air space(IAS)and reduced length of mesophyll surface exposed to IAS per unit area (Lmes/area; Nelson et al.2005) .For succulent CAM plants,therefore,forming an aggregation of organelles is likely to be the best way to facilitate metabolic communication between organelles during acclimation to environmental cues.Future studies should examine whether the phenomenon of chloroplast clumping is related directly to features of the succulent anatomy.
Under severe water deficits,some CAM species undergo CAM idling,in which internally respired CO2is recycled without supply of external CO2;during this idling the plants continue their diurnal acid fluctuation (Osmond et al.1999) . Guralnick et al.(2002) observed that chloroplasts became clustered in stem parenchyma cells of the succulent Portulaca grandiflora,in which CAM idling was induced by water stress for10d. Although their report made no reference to the relationship between the clustered chloroplasts and CAM an enlargement of the rectangle in(A).C,chloroplast;CC,clumped chloroplasts;M,mesophyll cell;mt,mitochondria.Scale bar= 50um except(C)=10um. idling,we think that one may exist.In fact,we confirmed diurnal changes in malate content in leaves of Kalanchoe with and without the chloroplast movement(data not shown),and we plan to study gas exchange associated with the clumping phenomenon in the leaves of succulent CAM plants. The terrestrial plant Bienertia cycloptera (Chenopodiaceae)performs C4 photosynthesis without the Kranz anatomy,and its chlorenchyma cells have a large,spherical central cytoplasmic compartment (CC compartment; Stichler2002,Voznesenskaya et al.2002) .The clumping form revealed in the present study is similar to the CC compartment in that both form a chloroplast aggregation;in this study,however,the clumping was facultative.These findings may help to resolve the functional leaf structures of CAM and C4 plants.Future studies should examine this phenomenon from both morphological and biochemical perspectives. The metabolic mechanisms underlying the clumping phenomenon in this study remain unclear.
